. B-type natriuretic peptide 8-32, which is produced from mature BNP 1-32 by the metalloprotease meprin A, has reduced bioactivity. Am J Physiol Regul Integr Comp Physiol 296: R1744 -R1750, 2009. First published April 22, 2009 doi:10.1152/ajpregu.00059.2009 acid B-type natriuretic peptide (BNP 1-32) plays an important role in cardiovascular homeostasis. Recently, it was reported that BNP 1-32 is cleaved by the metalloprotease meprin A to BNP 8-32, the bioactivity of which is undefined. We hypothesized that BNP 8-32 has reduced vasodilating and natriuretic bioactivity compared with BNP 1-32 in vivo. Human BNP 8-32 and BNP 1-32 were compared in a crossover study in eight anesthetized normal canines. After a preinfusion clearance, BNP 1-32 was infused at 30 ng ⅐ kg Ϫ1 ⅐ min Ϫ1 for 45 min followed by a 60-min washout and a second preinfusion clearance. Then, equimolar BNP 8-32 was infused. In half of the studies, the peptide sequence was reversed. Changes with peptides from the respective preinfusion clearance to infusion clearance were compared with paired tests. Mean arterial pressure was reduced by both BNP 8-32 and BNP 1-32 (Ϫ8 Ϯ 3 vs. Ϫ6 Ϯ 2 mmHg, P ϭ 0.48). Changes in right atrial pressure, pulmonary capillary wedge pressure, heart rate, cardiac output, and glomerular filtration rate were similar. However, urinary sodium excretion increased less with BNP 8-32 than with BNP 1-32 (ϩ171 Ϯ 24 vs. ϩ433 Ϯ 43 Eq/min; P ϭ 0.008), as did urinary potassium excretion, urine flow, and renal blood flow. While BNP 8-32 has similar vasodilating actions as BNP 1-32, its diuretic and natriuretic actions are reduced, suggesting a role for meprin A in the regulation of BNP 1-32 bioactivity in the kidney. Meprin A inhibition may be a potential strategy to increase the bioactivity of endogenous and exogenous BNP 1-32 in cardiovascular diseases.
About 2% of the human genome is estimated to code for peptidases; however, because of their high specificity, only a few are usually involved in the degradation of a specific peptide. Of note, enzymatic processing of a peptide hormone does not necessarily only have to be a matter of degradation, but it can also modify the profile of action of a hormone. Indeed, processing can even result in peptides with qualitatively quite different actions; for example, ANG III, which is cleaved from the vasoconstrictor ANG II by ACE II is a vasodilator, a cleavage product of the vasodilator adrenomedullin is a vasoconstrictor, and the dipeptidyl peptidase IV (DPP4) processed form of glucagon-like peptide 1 has cardiovascular actions that its precursor lacks (2, 9, 11, 20) . With regard to BNP, its profile of action could be differentially affected by receptor density and peptidase activity in its target tissues.
Our knowledge regarding the processing of BNP 1-32 is limited, but neprilysin (EC 3.4.24.11, also called neutral endopeptidase 24.11, peptidase M13.001), dipeptidyl peptidase IV (DPP4, EC 3.4.14.5; S09.003), and most recently meprin A (EC 3.4.14.; M12.002) have been implicated (4, 23) . Brandt et al. (4) reported that in EDTA blood BNP 1-32 was cleaved by DPP4 to BNP 3-32. They also reported that neither BNP 1-32 nor BNP 3-32 were substrates of neprilysin. Lam et al. (16) reported that BNP 3-32 is present in human plasma and is increased in patients with heart failure (HF). Indeed, it has been speculated that BNP 1-32 is actually low in human heart failure plasma and that may in part be due to reduced processing of proBNP 1-108 but also to accelerated degradation of BNP 1-32 to smaller molecular weight forms of BNP (12, 22) .
Importantly, we have recently reported that BNP 3-32 has reduced natriuretic and diuretic properties including a lack of vasodilating actions compared with BNP 1-32 in healthy canines (3) . This is consistent with the concept that forms of BNP 1-32, which occur in response to further processing by proteases like DPP-IV, result in BNP forms with reduced biological activity. Most recently, Pankow et al. (23) , using murine kidney brush border membranes, reported that murine BNP 1-32 is cleaved by the metalloprotease meprin A (EC 3.4.14.; M12.002) to BNP 7-32, while Walther (29) reported that human BNP 1-32 is cleaved by murine meprin A to BNP 8-32 (Fig. 1) . Both murine BNP 7-32 and human BNP 8-32 were substrates of neprilysin. To date, the bioactivity of human BNP 8-32 in cardiorenal regulation compared with mature biologically active BNP 1-32 is unknown.
Underscoring the importance of the these previous reports and the current study is the increasing evidence that there is a heterogeneity of forms of BNP present in the blood of patients with HF, which may be detected by widely used BNP assays, but which may have reduced biological activity (14, 16, 22, 26 ). In the current study, we used synthetic BNP 8-32 to evaluate for the first time the integrative renal, cardiovascular, and endocrine properties of this lower molecular weight form of BNP 1-32. We hypothesized that BNP 8-32 has reduced vasodilating and natriuretic bioactivity compared with BNP 1-32 in vivo. We also assessed the direct action of BNP 1-32 and BNP 8-32 on cGMP-generation in human aortic endothelial cells (HAEC) in vitro.
MATERIALS AND METHODS
The current study was performed in eight male mongrel dogs (weight 20 -28 kg) in accordance with the Animal Welfare Act and with approval of the Mayo Clinic Animal Care and Use Committee.
We investigated the cardiorenal actions of intravenous synthetic human BNP 8-32 compared with equimolar human BNP 1-32 in eight anesthetized normal canines using the same crossover design recently used to characterize BNP 3-32 (3). Dogs were fed a sodium controlled diet (Hill's I/d diet, Hill's Pet Nutrition, Topeka, KS). On the evening before the acute experiment, they were fasted with ad libitum access to water. On the day of the acute experiment, animals were anesthetized with pentobarbital sodium and fentanyl, intubated, and mechanically ventilated with 3 l/min supplemental oxygen. A flow-directed balloon tipped thermodilution catheter was inserted via the right external jugular vein for hemodynamic measurements. Lines were placed in the femoral vein for continuous infusions. A catheter was advanced via the femoral artery into the aorta for mean arterial pressure measurements and blood sampling. Pressures were recorded and analyzed digitally (Sonometrics, London, Ontario, Canada). Via a left flank incision, the left ureter was cannulated for urine sampling and the left renal artery was equipped with a flow probe (Carolina Medical Electronics, King, NC). Cardiac output was measured by thermodilution (Cardiac output model 9510-A computer, American Edwards Laboratories, Irvine, CA).
At the beginning of the study protocol, a weight-adjusted inulin bolus was administered, and continuous inulin and saline infusions at a rate of 1 ml/min each were started. A preinfusion clearance was done after 60 min of equilibration. All clearances lasted 30 min and consisted of urine collection, blood sampling, and hemodynamic measurements. After the preinfusion clearance, the saline infusion was replaced with an infusion of synthetic human BNP 1-32 (Phoenix Peptide, Belmont, CA; diluted in saline) at a concentration of 30 ng ⅐ kg Ϫ1 ⅐ min Ϫ1 (infusion rate 1 ml/min). The dose selected is the same as used in a previous study by our group (3) . After a lead-in period of 15 min, a 30-min clearance was done. Subsequently, BNP 1-32 was replaced with a saline infusion (1 ml/min), and after a washout period of 60 min, a second preinfusion clearance was done. Thereafter, the saline infusion was replaced with an infusion of synthetic human BNP 8-32 (synthesized by Phoenix Peptide, Belmont, CA; diluted in saline) on an equimolar basis compared with the BNP 1-32 infusion (i.e., 23.7 ng ⅐ kg Ϫ1 ⅐ min Ϫ1 , infusion rate 1 ml/ min). After a 15-min lead-in period, a 30-min clearance was done. To compensate for a possible carryover effect, the sequence of BNP 1-32 and BNP 8-32 infusions was reversed in half of the studies. Volume loss was replaced with saline at the end of each clearance.
Analysis of electrolytes and neurohormones. Electrolytes were measured by flame photometry (IL943, Instrumentation Laboratory, Lexington, MA). Inulin was measured with the anthrone method (10). Glomerular filtration rate was assessed by inulin clearance. Plasma renin activity, ANG II, and aldosterone were determined by commercially available radioimmunoassays, as described previously (18) . Immunoreactivity for human BNP was measured with the Triage BNP assay (Biosite, San Diego, CA). Importantly, this assay system uses a monoclonal mouse antibody (Scios Mab 106.3) directed against amino acids 5 to 13 on the N terminus and ring structure of BNP 1-32, an epitope that is partially missing in BNP 8-32 (22) . Cyclic GMP was measured using a competitive RIA cGMP kit (Perkin-Elmer, Boston, MA).
Cell culture and measurement of cGMP. For the in vitro studies, HAECs (Clontech, Mountain View, CA) were cultured in manufacturer endothelial cell medium (Clontech) supplemented with FBS and penicillin/streptomycin supplied as supplements with the media. Cells were treated at 80% to 90% confluency. Only cell passages 1 through 4 were used for experiments (15, 28) . Cells were treated as described previously (28) . Briefly, cells were incubated in Hank's balanced salt solution (Invitrogen, Carlsbad, CA) containing 20 mmol/l HEPES, 0.1% BSA, and 0.5 mmol/l 3 isobutyl-1-methylxanthine (Sigma, St. Louis, MO). In one experiment, cells were treated for 10 min with 10 Ϫ10 , 10 Ϫ9 , 10 Ϫ8 , 10 Ϫ7 , and 10 Ϫ6 M human BNP 1-32 or BNP 8-32. In a separate experiment, cells were treated for 10 min with 10 Ϫ6 M human BNP 1-32 or BNP 8-32 without and with 10 Ϫ6 M HS-142-1, an NPR-A antagonist. In both experiments, cells were then lysed in 6% TCA and sonicated for 10 min. The samples were ether extracted four times in 4 volumes of ether, dried, and reconstituted in 300 l cGMP assay buffer. The samples were assayed using a competitive RIA cGMP kit (Perkin-Elmer, Boston, MA). Briefly, samples and standards are incubated with 100 l anti-human cGMP polyclonal antibody and I 125 -antigen for 18 h. Cyclic GMP assay buffer was added to the samples, and they were centrifuged for 20 min at 2,500 rpm. The free fraction was aspirated off, and the bound fraction was counted and concentrations determined. Samples are corrected for dilution factors and protein concentration, and values are expressed as femtomoles per milliliter. There is no cross-reactivity with ANP, BNP, CNP, ET, and Ͻ0.001% cross-reactivity with cAMP, GMP, GDP, ATP, and GTP. Statistical analysis. Values are expressed as means Ϯ SE of the mean. For each peptide, changes from preinfusion levels were analyzed with paired t-test for normally distributed data. Peptides were compared with each other by analyzing the changes from the respective preinfusion clearance to the respective infusion clearance with paired t-test for normally distributed data. BNP values were logtransformed before analysis. Wilcoxon signed rank test was used for not normally distributed data, specifically urinary sodium excretion and urinary cGMP excretion. In the cell culture experiment, treatments were compared with one-way ANOVA with post hoc Bonferroni test (treatments vs. control, BNP-32 vs. BNP 8-32, BNP 8-32 vs. BNP 8-32ϩHS142). Statistical significance was accepted at P Ͻ 0.05. Analyses were performed with GraphPad Prism 4.03 (GraphPad Software, San Diego, CA).
RESULTS
Cardiorenal and humoral function are reported in Table 1 Fig. 2A) , as were right atrial pressure and pulmonary capillary wedge pressure. Heart rate increased with both peptides, while pulmonary artery pressure and systemic vascular resistance remained unchanged. Cardiac output was unchanged with both peptides (P ϭ 0.19 and P ϭ 0.13 for BNP 8-32 and BNP 1-32, respectively).
Renal function. Renal blood flow did not significantly change with BNP 8-32 (P ϭ 0.10), while it increased significantly with BNP 1-32, and this was significant between peptides (Fig. 2B) . Both peptides reduced renal vascular resistance. Glomerular filtration rate increased with BNP 8-32 but not with BNP 1-32 (P ϭ 0.09) with no difference between peptides. Both peptides increased urine flow (Fig. 2C) , urinary sodium excretion (Fig. 2D) , and urinary potassium excretion, but these effects were significantly reduced with BNP 8-32. The same was true for urinary cGMP excretion (Fig. 3A) .
Humoral function. Plasma BNP immunoreactivity increased significantly less with BNP 8-32 compared with BNP 1-32 (Fig. 3B) , using however, as mentioned, an assay that should not detect BNP 8-32. Indeed, when BNP 8-32 was infused as the first peptide, human BNP immunoreactivity was completely absent in 3 of 4 studies. Plasma cGMP, the second messenger of BNP, increased with both peptides, but again to a significantly lesser degree with BNP 8-32 (Fig. 3C) . Atrial natriuretic peptide levels also increased, with no difference between peptides. Both peptides decreased PRA, with no difference between peptides (P ϭ 0.10). ANG II remained unchanged with both BNP 8-32 (P ϭ 0.13) and BNP 1-32. Again, the difference between peptides was not significant (P ϭ 0.13). Aldosterone was unchanged with BNP 8-32 (P ϭ 0.46) and BNP 1-32 (P ϭ 0.06), with no difference between peptides. Hematocrit increased with BNP 1-32 but remained unchanged with BNP 8-32, with no significant difference between peptides (P ϭ 0.09). There were no significant changes in plasma sodium or potassium with either peptide. BNP 8-32 vs. BNP 1-32 in vitro: compared with control, BNP 8-32 and BNP 1-32 significantly increased cGMP generation in HAECs with no difference between peptides (Fig. 4A) . Cyclic GMP generation was significantly reduced when the NPR blocker HS-142-1 was added to BNP 8-32 (Fig. 4B) .
DISCUSSION
This study reports for the first time that BNP 8-32, which at least in vitro is produced from mature BNP 1-32 by meprin A, has similar hemodynamic but reduced renal actions compared with BNP 1-32 in vivo. These findings suggest that meprin A may play a role in the regulation of BNP bioactivity and that meprin A inhibition may be a strategy to augment the renal actions of endogenous and exogenous BNP 1-32.
Pankow et al. (23) and Walther (29) recently sought to better characterize the processing of BNP 1-32. They used membrane preparation of murine kidney brush borders and investigated the breakdown of BNP 1-32 in the presence and absence of peptidase inhibitors. With this approach, they were able to demonstrate that human BNP 1-32 is cleaved by murine meprin A to BNP 8-32, which unlike BNP 1-32, is also a substrate for neprilysin. Meprin A is a metallopeptidase, which is highly expressed in the kidney brush border, at least in rodents, and its substrates include matrix proteins. Studies suggest that it is involved in renal damage and meprin A inhibition has shown beneficial results in experimental models of kidney damage (5, 13, 27) . Of note, as meprin A is also inhibited by EDTA, Brandt et al. (4), who investigated BNP degradation in EDTA plasma, were by study design not able to recognize a potential contribution of this peptidase (4) .
To increase our knowledge regarding the potential physiological role of meprin A in BNP metabolism, we assessed the cardiorenal actions of synthetic BNP 8-32 compared with BNP 1-32. Both BNP 1-32 and BNP 8-32 increased plasma cGMP, the second messenger of BNP, which can be used as an indicator of NPR-A activation. BNP immunoreactivity increased significantly more with BNP 1-32, which can be explained by the fact that the employed assay system uses an antibody directed against an epitope on the N terminus of BNP 1-32, which is not present in BNP 8-32. The larger increase in plasma cGMP with BNP 1-32 infusion could be explained with a relatively lower receptor affinity of BNP 8-32; however, the similar cGMP activation in HAECs in vitro does not favor this explanation. An alternative explanation is that BNP 8-32 is more rapidly degraded to inactive fragments than BNP 1-32, which would be in keeping with the demonstration of Pankow et al. (23) that BNP 1-32 only becomes a substrate of neprilysin after cleavage by meprin A. In this case, reduced bioactivity of BNP 8-32 would be consistent with the presence of neprilysin in this target tissue. This would also be in keeping with the findings by Chen et al. (7) that neprilysin inhibition with the vasopeptidase inhibitor omapatrilat augmented urinary sodium and BNP excretion after subcutaneous administration of BNP 1-32.
The systemic hemodynamic actions observed with BNP 8-32 and BNP 1-32 were similar. Mean arterial pressure was reduced with both peptides, while systemic vascular resistance was unchanged. The decrease in blood pressure may be the combined result of the reduction in cardiac filling pressures due to venodilation and volume loss and the inhibitory actions of BNP on the RAAS and the sympathetic nervous system. Of note, these studies were done in healthy canines with physiologically hemodynamic and neurohumoral function at baseline; in pathophysiological conditions, such as heart failure, the cardiac unloading actions of BNP need not be associated with a decrease in cardiac output and can actually increase it (1, 6, 8, 19, 31) .
Interestingly, renal blood flow was significantly more increased with BNP 1-32 compared with BNP 8-32. A possible explanation could be a relatively higher neprilysin activity in the renal vasculature, to which BNP 1-32 would be more resistant. With regard to renal excretory function, BNP 8-32 significantly increased diuresis, natriuresis, and kaliuresis; however, compared with BNP 1-32, these actions were reduced to similar degrees as renal blood flow, plasma cGMP, and urinary cGMP excretion. This again is in keeping with neprilysin activity in the renal vessels and tubules.
Of note, activation of RAAS was reduced or unchanged, despite the diuretic and hypotensive actions, in keeping with a direct effect of BNP on renin-and aldosterone-secreting cells. There was no difference between BNP 8-32 and BNP 1-32, which could mean they are equally efficacious at suppressing RAAS; alternatively, because of the smaller diuresis and natriuresis induced by BNP 8-32, there may have been less stimulation of RAAS secretion, offsetting a potential lesser RAAS-suppressing activity of BNP 8-32.
When the actions of BNP 8-32 are compared with those we previously reported for BNP 3-32 (3), which is produced from BNP 1-32 by cleavage with DPP4 (4), the effects of both peptides on renal excretory function were reduced to a similar extent compared with BNP 1-32. Surprisingly, however, BNP 8-32 reduced MAP to the same degree as BNP 1-32, whereas BNP 3-32 did not change MAP. These findings suggest that differential processing of BNP 1-32 can result in fragments with different profiles of action. Confirmation of these findings in other species and in other disease conditions is required.
These findings could be of clinical relevance. Plasma levels of BNP have been found to provide diagnostic and prognostic information in a variety of cardiovascular diseases, and various assay systems are currently employed to assess plasma BNP immunoreactivity. Of note, these BNP assays frequently cannot differentiate between the different processed forms of BNP, or, as with BNP 8-32 in this study, do not detect some forms that still retain some biological activity (14) . Given the different activities of these forms, it may be worthwhile to develop more specific assay systems (e.g., including mass spectrometry) and assess their diagnostic and prognostic potential (22) . The current findings suggest that meprin A may be involved in reducing the renal actions of BNP 1-32. Given that in disease conditions, there frequently is a resistance, particularly to the renal actions of natriuretic peptides, it may be worthwhile to investigate whether meprin A inhibition alone or in combination with exogenous BNP may be beneficial.
There are several limitations to our study. First, we infused human peptides into canines. We cannot exclude the possibility that for both BNP 1-32 and BNP 8-32, receptor binding and peptide metabolism may differ between humans and canines, and therefore, we cannot be sure that our findings can be extrapolated to humans. Second, this study was performed in healthy canines, and it is unknown whether results would be different in disease conditions that are usually associated with increased endogenous BNP levels, such as heart failure. Third, it is currently unknown whether BNP 8-32 circulates and whether meprin A is involved in BNP metabolism in vivo in humans or canines. Conventional BNP assays are not specific and detect BNP fragments and also proBNP (14) . Niederkofler et al. (22) recently developed a quantitative mass spectrometry immunoassay and were able to demonstrate the presence of BNP 1-32, BNP 3-32, BNP 4-32, and BNP 5-32 in plasma samples from patients with heart failure. However, as one antibody of this assay system was the above-mentioned Mab 106.3, which requires the presence of amino acids 5-13 for epitope binding, no assessment of BNP forms with a shorter N-terminus, such as BNP 8-32, was possible. Finally, the anesthesia used in the current study may have affected the response to the peptides (21) .
Perspectives and Significance
We demonstrated that BNP 8-32, which has been shown in vitro to be produced by meprin A, has similar systemic hemodynamic actions as equimolar BNP 1-32 but is less efficacious in increasing renal blood flow and renal excretory function. These findings suggest that meprin A may be involved in modulating the actions of BNP 1-32. It remains to be established to what degree BNP 1-32 is affected by meprin A in humans. If significantly so, meprin A inhibition may increase the renal actions of endogenous and exogenous BNP 1-32. Furthermore, specific characterization and quantification of cleavage products of BNP 1-32 may better reflect BNP bioactivity and improve the diagnostic and prognostic characteristics of BNP as a biomarker.
